The conformational preferences and hydrogen-bonding motifs of several potential chemopreventive hydroxycinnamic derivatives were determined by inelastic neutron scattering spectroscopy. The aim is to understand their recognized beneficial activity and establish reliable structure-activity relationships for these types of dietary phytochemicals. A series of phenolic acids with different hydroxyl/methoxyl ring substitution patterns were studied: trans-cinnamic, p-coumaric, m-coumaric, trans-caffeic and ferulic acids. Their INS spectra were completely assigned by theoretical calculations performed at the Density Functional Theory level, for the isolated molecule, dimeric centrosymmetric species and the solid (using plane-wave expansion approaches). Access to the low energy vibrational region of the spectra enabled the identification of particular modes associated with intermolecular hydrogen-bonding interactions, which are the determinants of the main conformational preferences and antioxidant capacity of these systems.
Introduction
Phenolic acid derivatives constitute some of the most ubiquitous groups of plant metabolites present in the human diet in significant amounts, which have long been known to display antioxidant properties, in particular due to the availability of phenolic hydrogens that allow them to act as H-donating radical scavengers. It is generally assumed that this radical scavenging capacity is closely related to the compounds' hydrogen or electron donating ability, as well as to the stability of the resulting phenoxyl radicals. Since oxidative damage caused by reactive oxidant species to vital biomolecules, such as DNA, lipids and proteins, is responsible for numerous pathological processes including inflammation, atherosclerosis, cancer and neurodegenerative disorders, [1] [2] [3] [4] these compounds have lately been the subject of intense research in health sciences. 1, 3, [5] [6] [7] [8] [9] [10] [11] While extensively used as antioxidant additives in both the food and pharmaceutical industries, 12 these types of molecules display a large variety of biological functions, from anti-inflammatory and antimutagenic to antitumoral and carcinogenesis modulation activities, 2, 13 due to their ability to inhibit deleterious oxidative processes. In particular, cinnamic acid and its derivatives (e.g. caffeic acid phenethyl ester (CAPE) 14 ) are known to display interesting antioxidant and selective antitumor properties, 1, 3, 6, 9, [15] [16] [17] [18] and are widely distributed in plant tissues, thus being regularly consumed in the daily diet. 19, 20 Ferulic acid, for instance, a methoxycontaining hydroxycinnamic acid, is abundant in plant cell wall components (e.g. cereals and seeds of coffee, apple, orange and peanut). Plant-derived polyphenolic compounds (phenolic acids, esters or amides) are therefore promising candidates as preventive agents against oxidative stress-induced diseases, apart from being widely exploited as model systems for drug development. The evaluation of the antioxidant properties of phenolic derivatives of natural or synthetic origin, aiming at the prediction of their biochemical and pharmacological activity, is nowadays a key area of research in medicinal chemistry. The prospective health benefits arising from the antioxidant capacity of phenolic derivatives are governed by strict structureactivity relationships (SARs), namely the number and relative position of the ring hydroxyl substituents, or the chemical nature and spatial orientation of the linker between the ring and the carboxylate/ester moiety. These, apart from determining their biological action, modulate their lipophilicity, systemic distribution and bioavailability in the sites of oxidation within the cell. Also, conformational preferences such as flexibility, formation of hydrogen bonds -either intra-or intermolecular -and planar or skewed relative orientations of the substituent groups in the aromatic ring determine the biological properties of the systems. For these polyphenolic molecules, the conformational preferences and relative stability are mostly determined by an extensive p-electron delocalization, as well as by the formation of medium to strong (O)HÁ Á ÁO and/or (C)HÁ Á ÁO intra-and intermolecular hydrogen bonds, which have long been known to be relevant for the stability and function of numerous systems. These close contacts also account for the formation of phenolic dimeric species, shown to occur both in the solid state and in solution for these types of compounds. 21, 22 An accurate conformational analysis of this class of molecules is therefore essential in order to clearly understand their mode of action and to establish reliable SARs, which is an essential step in the rational design of new phenolic-based chemopreventive/ therapeutic agents, coupling an optimized (and perhaps selective) efficacy to a minimal toxicity. Such a goal can be attained through the combined use of spectroscopic techniques (e.g. vibrational spectroscopy) and theoretical approaches, in order to determine the compounds' most stable geometries, as well as their main conformational preferences and possible interactions with biological targets and receptors.
Inelastic Neutron Scattering (INS) spectroscopy is a technique that is well suited to the study of hydrogenous compounds such as phenolic systems. The neutron scattering cross-section of an element (s) is characteristic of that atom and independent of its chemical environment. Since the value for hydrogen (80 barns) far exceeds that of all other elements (typically ca. 5 barns), the modes of significant hydrogen displacement (u i ) dominate the INS spectra. For a mode at a given energy n i , the intensity of a powdered sample obeys the simplified relationship,
where Q (Å À1 ) is the momentum transferred from the neutron to the sample and a i (Å) is related to a weighted sum of all the displacements of the atom. Thus, not only the energies of the vibrational transitions (the eigenvalues, n i ) but also the atomic displacements (the eigenvectors, u i ) are available from experimental observation. This significantly enhances the information obtainable from the vibrational spectrum and adds to that from the complementary Raman and infrared vibrational spectroscopic methods. Additionally, the absence of selection rules and ready access to the region below 400 cm À1 enable the detection of some low frequency modes unavailable to these optical techniques. Since the spectral intensities can be quantitatively compared with those calculated by theoretical methods, by combining the INS results with quantum mechanical calculations it is possible to link molecular geometry with the experimental spectroscopic features and produce a consistent conformation for the systems under investigation. Furthermore, since vibrational INS intensities are strongly dependent upon the motions of hydrogens, INS spectroscopy displays a unique sensitivity to hydrogen interactions, being an excellent technique for studying H-bonding properties in solids. The out-of-plane (O-HÁ Á ÁO) mode, for instance, involves almost exclusively the motion of the hydrogen atom relative to the undeformed molecule, thus being easily identified by INS. Additionally, unlike optical methods such as Fourier transform infrared (FTIR) or Raman spectroscopies, INS is known to yield intense features in the low wavenumber region of the spectrum, where intermolecular vibrations associated with hydrogen-bonding mostly occur. Nevertheless, to date very few studies have been reported to probe the low-energy vibrational modes of phenolic systems, no INS data being found in the literature on this subject to the best of the authors' knowledge. A terahertz timedomain (THz-TD) analysis was performed for some hydroxycinnamic acids (including caffeic and ferulic acids) aimed at the detection and assignment of their low-frequency oscillators, in the solid state. 23 The present work applies INS spectroscopy, coupled with Density Functional Theory (DFT)/Plane-wave (PW) calculations, to the study of a series of phenolic acids with different hydroxyl substitution patterns: trans-cinnamic (3-(phenyl)-2-propenoic, Cin), p-coumaric (3-(4-hydroxyphenyl)-2-propenoic or 3-hydroxycinnamic, p-C), m-coumaric (3-(3-hydroxyphenyl)-2-propenoic or 4-hydroxycinnamic, m-C), trans-caffeic (trans-3-(3,4-dihydroxyphenyl)-2-propenoic, CA) and ferulic (trans-3-(4-hydroxy-3-methoxyphenyl)-2-propenoic, FA) acids (Fig. 1) . These are structurally different regarding the number and localization of the hydroxyl (or methoxyl) ring substituent groups. Their main conformational characteristics were previously determined by Raman spectroscopy, combined with DFT calculations, for the isolated molecule, their dimeric species and the solution species. 3, 6, 9, 16, 21, [24] [25] [26] [27] [28] Particular emphasis is given to the investigation of the hydrogenbonding profile of this kind of systems, aiming at a better understanding and prediction of their antioxidant activity. Location of low-frequency modes due to H-bonding is envisaged, namely the (OÁ Á ÁH) stretching. To this aim, deuteration of some of the compounds was carried out at specific sites (e.g. the carboxylic acid group), in order to better assign the oscillators Fig. 1 Schematic representation of the most stable calculated gas-phase conformers (B3LYP/6-31G**) for the phenolic acids studied here. (The atom numbering is included.) involved in hydrogen interactions by comparison with the undeuterated samples.
In the analysis of the data particular attention was paid to the low wavenumber region of the spectra, where the most relevant changes are expected to occur. The theoretical INS transition intensities were obtained from the calculated normal mode eigenvectors, and the corresponding spectra were simulated using the aCLIMAX program. 29 Thus, the combined INS and DFT data for both the condensed state and the isolated molecules allow us to assign the spectral changes due to both intra-and intermolecular H-bonds, and to detect the characteristic (O-HÁ Á ÁO) modes. This constitutes preliminary work for a future study of the dynamics of the proton transfer along hydrogen bonds within this type of phenolic system, which is of utmost relevance for numerous chemical and biochemical processes. O-deuterated ferulic acid (at the carboxylic moiety) was prepared by solubilizing the solid compound in D 2 O (ca. 10% excess) and evaporating to dryness under vacuum (this process being repeated three times).
2.B. INS spectroscopy
The INS spectra were obtained at the ISIS Pulsed Neutron and Muon Source of the Rutherford Appleton Laboratory (United Kingdom), on the TOSCA spectrometer. This is an indirect geometry time-of-flight, high resolution ((DE/E) ca. 1.25%), broad range spectrometer. 31 The samples (2-3 g) were wrapped in 4 Â 4 cm aluminium foil sachets, which filled the beam, and placed in thin walled aluminium cans. To reduce the impact of the Debye-Waller factor (the exponential term in eqn (1)) on the observed spectral intensity, the samples were cooled to ca. 10 K.
Data were recorded in the energy range À24 to 4000 cm À1 and converted to the conventional scattering law, S(Q, n) vs. energy transfer (in cm
À1
) through standard programs.
2.C. Quantum mechanical calculations
The quantum mechanical calculations were performed using the GAUSSIAN 03W program 32 42 were carried out for the optimised geometries aiming at obtaining information on the nature of the interactions that determine conformer stability. Special attention was given to the Wiberg bond orders and energetics of the main interactions between ''filled'' (donor) Lewis-type NBOs and ''empty'' (acceptor) non-Lewis NBOs, evaluated by means of the 2nd-order perturbation theory (2nd-order stabilisation energies). Calculations of the vibrational spectra were based on the optimised geometries. The harmonic vibrational wavenumbers, as well as their Raman activities and IR intensities, were 
Results and discussion
The compounds investigated here possess characteristic structural motifs that contribute to their biological activity: (i) the presence of electron-donating substituents in the aromatic ring (hydroxyl and/or methoxyl); (ii) the carboxylic moiety with an adjacent unsaturated CQC double bond, providing additional sites of attack for free radicals and also acting as an anchor to the lipid bilayer. The most stable geometries for the phenolic acids under study were previously determined to display an s-cis conformation of the carboxylic group ((H The experimental INS spectra of cinnamic and monohydroxylated cinnamic acids (p-and m-coumaric) are shown in Fig. 3 , while the corresponding data for the disubstituted caffeic and ferulic acids are depicted in Fig. 4 . Good quality spectra were obtained, allowing us to identify the main vibrational bands for these molecules, in the light of the calculated INS spectra at the B3LYP/6-31G** level, for both the isolated molecule and the dimeric species (top-to-top dimers, Fig. 5) .
As reflected by the spectra represented in Fig. 3 , ring hydroxylation and the location of the OH substituent relative to the alkyl unsaturated carbon chain were found to have a marked effect on the vibrational profile of this kind of systems, due to a change in their electronic delocalisation as well as in their intermolecular arrangement (dimeric pattern) in the solid.
As a consequence, a different Davydov splitting pattern was observed for the monohydroxylated p-and m-coumaric acidsat 158/163, 218/224, 341/356, 414/419 and 575/588 cm À1 for the former, and at 335/342, 577/588, 852/864 and 967/980 cm À1 for the latter (Fig. 3) . This type of band splitting is due to the occurrence of distinct arrangements in the unit cell, leading to two crystallographically and energetically inequivalent species. This doubling of the unit cell was previously observed for n-alkanes 50 and linear polyamines. 51 Furthermore, the presence of several molecules in a crystal (or a packed solid state) generates an external force field, which is responsible for new vibrational modes -the so-called external modes (usually below ca. 200 cm À1 (ref. 50 and 52) ). These are easily identified in the INS spectra presently obtained ( Fig. 3 and 4 ). The main peaks reflecting H-bond interactions, which play an essential role in the conformational equilibrium of the phenolic derivatives under study, were unequivocally identified b Atoms are numbered according to Fig. 1 ; n -stretching, d -in-plane deformation, r -rocking, g -out-of-plane deformation, D -in-plane deformation of skeleton atoms, G -out-of-plane deformation of skeleton atoms, t -torsion; s and as stand for symmetric and antisymmetric, while ip and op represent in-phase and out-of-phase modes.
c Raman experimental data in parentheses. 26 d For the isolated molecule (monomer), at the B3LYP/6-31G** level, wavenumbers above 550 cm À1 are scaled according to ref. 43 . e For the top-to-top centrosymmetric dimer, at the B3LYP/6-31G** level, wavenumbers above 500 cm À1 are scaled according to ref. 43 . f For the solid, at the PBE/PWSCF level. close contacts within the dimeric species present in the solid: 22, 27 at ca. 180 and 350 cm À1 (Fig. 3, 4 and 6, Tables 1 and 2 ).
Additionally, the occurrence of these centrosymmetric dimers formed through two intermolecular H-bonds between carboxylic groups (d (HÁ Á ÁO) equal to 165 pm in the dimer (Fig. 5 ) and 153 pm in the solid (Fig. 2) ) leads to an expected shift of the calculated carbonyl stretching vibration to lower wavenumbers as compared to the monomer (isolated molecule): e.g. 1701 vs. 1742 cm
À1
, for ferulic acid, the former being in good accordance with the observed value at 1698 cm À1 (Table 1) . Moreover, the presence of intramolecular H-bonds between the hydroxyl hydrogen in the para position and the meta oxygen atom (from the hydroxyl in caffeic and the methoxyl in ferulic acids) was also detected. Since the scattering by deuterium is roughly two orders of magnitude weaker than that by hydrogen, specific deuteration of the compounds is a very useful approach for an accurate assignment of the vibrational modes due to H-bonding interactions. For ferulic acid, spectra were acquired for both the hydrogenated solid and the O-deuterated molecule at the carboxylic moiety (O 13 Fig. 6 and 7) relative to the monomers, since they represent condensed phase conditions much more closely than isolated molecule approaches, by taking into account the intermolecular close contacts within the solid. Regarding ferulic acid, for instance, the bands assigned to lattice modes at 114 and below 53 cm À1 are clearly seen in the calculated spectrum of the dimer, whereas they are absent in the monomer (Fig. 7) . Actually, applying PW approaches to the representation of the experimental data (e.g. for ferulic acid, Fig. 7 (Fig. 2) . This close contact is absent in the isolated monomer and dimer representations.
Conclusions
Naturally occurring bioactive phenolic and polyphenolic compounds are important components of the human diet, due to their antioxidant capacity that decreases oxidative stressinduced cell damage associated with severe pathologies such as cardiovascular or neurodegenerative disorders and cancer. Moreover, in view of their wide range of beneficial properties, they are promising new leads for the development of improved pharmaceuticals, namely chemopreventive agents. The antioxidant capacity of this type of compounds, which rules their overall biological activity, occurs through the formation of the corresponding phenoxyl radicals, directly related to their phenolic OH groups, and is strongly dependent on their conformational behaviour and hydrogen-bonding motif. Hence, the knowledge of these preferences is essential for a better understanding and prediction of the antioxidant ability of these phytochemicals.
The results shown here evidence that the structural stability and conformational behaviour of these systems relies on the balance between intra-and intermolecular hydrogen-type interactions, which are very accurately probed by inelastic neutron scattering techniques coupled with ab initio calculations. Access to the low frequency region of the spectrum unveiled the dependence of the vibrational modes occurring in this energy range relative to the molecular packing in the condensed phase, namely through the detection of characteristic Davydov splittings and of vibrational modes assigned to intermolecular H-bonds.
